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1. I n t r o d u c t i o n  

The l o n g  conf inement t imes w i t h  minimal p e r t u r b a t i o n s  o f  i o n  s to rage  
techn iques  p rov ide  a b a s i s  f o r  h i g h  r e s o l u t i o n  spectroscopy c1.2). L i n e  
0's g r e a t e r  than 1Olo and l i n e w i d t h s  s m a l l e r  t han  a few Hz have been 
ob ta ined  on ground-s ta te  h y p e r f i n e  t r a n s i t i o n s  i n  a tomic  i o n s  s t o r e d  i n  
rf quadrupo le  t r a p s  [3-73. The accuracy of  these measurements has been 
l i m i t e d ,  t o  a l a r g e  e x t e n t ,  by t h e  second-order Dopp ler  s h i f t .  R a d i a t i o n  
pressure  f rom l a s e r s  has been used t o  reduce t h e  second-qrder Dogp ler  
s h i f t  by c o o l i n g  i o n  temperatures belgw 1 K f o r  s i n g l e  Ba and Mg + ions  
i n  an rf t r a p  [8,9] and f o r  s i n g t e  Mg i o n s  and sma l l  c l ouds  o f  Mg i o n s  
i n  a Penn ing+ t rap  [lo-121. 9Be i o n s  have an e l e c t r o n i c  s t r u c t u r e  
s i m i l a r  t o  Mg ions  and a r e  consequent ly  easy t o  coo l  w i th  a f requency- 
doubled dye l a s e r  (X=313 nm). T h i s  paper d iscusses  measurements o f  
c y c l o t r o n  frequencies,  g - fac to rs ,  hyper f i ne  cons tan ts ,  and f o n  c l o u d  
parameters wh ich  have been made on c louds  of l ase r -coo led  9Be 

The 9Be+ i o n s  a r e  c o n f i n e d  by t h e  s t a t i c  magnet ic  and e l e c t r i c  f i e l d s  
o f  a Penning t r a p  and s t o r e d  f o r  hours. The t r a p  i s  made o f  g o l d  mesh 
endcaps and a molybdenum mesh r i n g  e lec t rode .  The c e n t e r  o f  t h e  t r a p  i s  
a t  one focus o f  an e l l i p s o i d a l  m i r r o r ;  t h e  second focus  i s  o u t s i d e  t h e  
vacuum system. A l e n s  i s  used t o  c o l l i m a t e  t h e  f luorescence l i g h t  i n t o  a 
p h o t o m u l t i p l i e r  tube. The i o n s  a r e  coo led  and compressed by a 313 nm 
narrowband source tuned t o  t h e  2s2S 
(-3/2,-3/2) t r a n s i t i o n .  
genera t i ng  t h e  second harmonic o f  t h e  o u t p u t  o f  a s i n g l e  mode cw dye 
!aser i n  a 90' phase-matched c r y s t a l  of  rub id ium d ihydrogen phosphate 
(RDP). 
t h e  313 nm l i g h t  a l s o  o p t i c a l l y  pumps t h c  i o n s  i n t o  t h e  
(MI ,MJ)= (-3/2 ,-1/2) ground s t a t e  [ 10,113. 

i ons .  

(M ,MJ)=(-3/2,-1/2) -c 2p2P3 
The 313 nm' l i g h t  source  i s  ob ta ined  bJ 

The r e s u l t i n g  power i s  t y p i c a l l y  20 uW. I n  a d d i t i o n  t o  c o o l i n g ,  

2 .  Laser-Fluorescence Mass Spectroscopy 
The a x i a l  (u 1, magnetron ( v  ) ,  and E l e c t r i c - f i e l d - s h i f t e d  c y c l o t r o n  ( v i )  
f requenc ies  6 f  a smal l  c l o u 6  of  YBe ions  s t o r e d  i n  a Penning t r a p  a r e  
neasured by obse rv ing  t h e  changes i n  i o n  f l uo rescence  s c a t t e r i n g  f r o m  t h e  
l a s e r  beam which i s  focused on to  t h e  i o n  c l o u d  [13]. When t h e  i o n  
mo t iona l  f requenc ies  a r e  e x c i t e d  by an e x t e r n a l l y  a p p l i e d  o s c i l l a t i n g  
e l e c t r i c  f i e l d ,  t he  i o n  o r b i t s  i nc rease  i n  s i ze ,  caus ing  a decrease i n  
l a s e r  f luorescence due t o  a decrease i n  o v e r l a p  between t h e  i o n  c l o u d  and 
l a s e r  beam. To a good approx imat ion ,  t h e  e l e c t r i c  f i e l d  e x c i t e s  o n l y  t h e  
c o l l e c t i v e  center-of-mass modes, whose f requenc ies  a r e  equal  t o  those of  
a s i n g l e ,  i s o l a t e d  i o n  i n  t h e  t r a p  L14]. The t h r e e  measured f requenc ies  
can then be combined t o  y i e l d  t h e  f ree-space c y c l o t r o n  f requency  (v,) 
f rom t h e  exp ress ion  [15] 
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(1) qBo/2nm =vc = [ (w;) 2 4 
2 & ? f  

D w: ;‘E 2 ,.&&I 
where B 
i o n  mas?., 
ions.  

t o  magnet ic- f ie ld-dependent nuclea,r-spin-fl i p  h y p e r f i n e  IA!l I = 1 
t r a n s i t i o n  f requenc ies  i n  t h e  9Be ground s t a t e .  
B re i t -Rab i  formula,  y i e l d e d  t h e  r a t i o  [13] 

i s  t h e  a p p l i e d  magnet ic f i e l d ,  q i s  t h e  i o n  charge, and m i s  t he  
Mass comparisons can be made by measuring vc f o r  d i f f e r e n t  

Th is  techn ique was demonstrated by comparing t h e  c y c l o t r o n  frequency 

This,  a lbng  w i t h  t h e  

R= gJ( gBe+)m( gBe+)/me 

t o  0.15 ppm. 
t h e  known va lue  [17] o f  
de te rm ina t ion  o f  m /m 

Th is  r e s u l t ,  w i t $  a t h e o r e t i c a l  va lue  o f  g (9Be+) [16] and 
)/mp, can be used t o  g i d  an i n d i r e c t  

P e *  

mp/me = 1836.152 38(62) (0.34 ppm) 

gJ(9Bet)= 2.002 262 63 (33)  (0.16 ppm), 

( 3 )  

Th is  va lue  agrees w i t h  t h e  most p r e c i s e  d i r e c t  de te rm ina t ion  [lS]. 
t he  recen t  va lue  o f  m /m f rom Ref. 18 i s  used, an i n d i r e c t  de termi -  

I f  

na t ion ,  P e  

( 4 )  

i s  ob ta ined  which agrees w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  [16]. 
o f  t he  smal l  c l oud  s i z e s  and smal l  e x c i t a t i o n  r e q u i r e d  t o  observe t h e  
mot iona l  resonance, t h e  p o t e n t i a l  accuracy o f  t h e  l a s e r  f l uo rescence  
method f o r  mass spectroscopy i s  ex t remely  h i g h  due t o  suppress ion  o f  
f i e l d  inhomogeneity and t r a p  anharmon ic i ty  e f f e c t s .  It i s  es t ima ted  t h a t  
i o n  c y c l o t r o n  resonance accurac ies  near 1 p a r t  i n  10l3 may u l t i m a t e l y  be 
p o s s i b l e  [13]. 

Because 

3. 
The c loud  temperature,  dens i t y ,  and s i z e  can be determined by u s i n g  a 
second focused, f requency-doubled dye l a s e r  as a probe l a s e r .  If t h e  
probe l a s e r  i s  tuned from t h e  o p t i c a l l y  pumped (-3/2,-1/2) ground s t a t e  
t o  t h e  2p2P (-3/2.+1/2) s t a t e ,  some o f  t h e  i o n  p o p u l a t i o n  i s  removed 
f rom t h e  (-3$$,-1/2) ground s ta te .  T h i s  r e s u l t s  i n  a decrease i n  t h e  
f luorescence l i g h t  i n t e n s i t y .  The s i z e  o f  t h i s  s i g n a l  depends on t h e  
o v e r l a p  o f  t h e  probe beam w i t h  t h e  c loud. The s p a t i a l  e x t e n t  of  t h e  
c loud  can be determined by measur ing where t h e  depopu la t i on  t r a n s i t i o n  
s i g n a l  d isappears as  t h e  probe l a s e r  i s  moved across  t h e  c loud. I n  t h i s  
way t h e  shape o f  t he  c louds  i s  measured t o  be approx imate ly  e l l i p s o i d a l  
w i t h  t y p i c a l  dimensions rang ing  from 100 t o  300 um. 

The i o n  c loud  undergoes a slow x 8 d r i f t  r o t a t i o n  about t h e  z ax is .  
The c loud  r o t a t i o n  f requency  d i f f e r s  from t h e  s i n g l e  i o n  magnetron 
frequency due t o  t h e  space charge o f  t h e  o t h e r  i ons .  It can be 
determined by measuring t h e  ‘change i n  t h e  Dopp ler  s h i f t  o f  t h e  
depopu la t i on  t r a n s i t i o n  as t h e  probe l a s e r  i s  moved i n  t h e  r a d i a l  
d i r e c t i o n .  The i o n  number d e n s i t y  i s  t hen  ob ta ined  from t h e  measured 
c loud  r o t a t i o n  f requency. Measured d e n s i t i e s  a r e  1 - 2 ~ 1 0 ’  ions/cm3 and 
a r e  r e l a t i v e l y  independent o f  t h e  number o f  i o n s  i n  t h e  cloud, t h e  t r a p  
vo l tage,  and o t h e r  t r a p  parameters. For  t h e  smal l  and l a r g e  c l o u d  s izes ,  
t h i s  g i ves  t o t a l  i o n  numbers rang ing  f rom a few i o n s  t o  n e a r l y  1000 ions .  

Cloud Temperature, Dens i t y ,  and S ize  

169 

TN-133 



The temperature o f  t h e  c y c l o t r o n  mo t ion  can be de termined f rom t h e  
f u l l  w i d t h  a t  h a l f  maximum (fwhm) o f  t h e  depopu la t i on  t r a n s i t i o n .  
C y c l o t r o n  temperatures of  20 t o  100 mK were ob ta ined  f o r  a lmost  a l l  of  
t h e  c louds .  From t h e  measurements o f  t h e  c l o u d  s i z e  and r o t a t i o n  
f requency, t h e  magnetron k i n e t i c  energy averaged ove r  t h e  c l o u d  can be 
determined and an e f f e c t i v e  maqnetron tempera ture  can be  c a l c u l a t e d .  
T h i s  tempera ture  i nc reases  w i th  t h e  s i z e  o f  t h e  c loud,  b u t  even f o r  t h e  
l a r g e r  c louds ,  i t  i s  l e s s  than 200 mK. Because t h e  probe l a s e r  i s  
d i r e c t e d  p e r p e n d i c u l a r  t o  t h e  magnet ic f i e l d ,  a d i r e c t  measurement o f  t h e  
a x i a l  tempera ture  cannot be made. The a x i a l  mo t ion  i s  i n d i r e c t l y  coo led  
by  c o l l i s i o n a l  c o u p l i n g  t o  t h e  c y c l o t r o n  mo t ion  b u t  i s  d i r e c t l y  heated  by  
t h e  r e c o i l  o f  t h e  s c d t t e r e d  photons [19]. The e q u i l i b r a t i o n  t ime  between 
t h e  a x i a l  and c y c l o t r o n  mot ions i s  determined t o  be l e s s  than 100 ms f o r  
t h e  c louds  i n  t h i s  exper iment.  The a x i a l  tempera ture  i s  measured b y  
t u r n i n g  o f f  t h e  c o o l i n g  l a s e r ,  w a i t i n g  a v a r i a b l e  l e n g t h  o f  t ime,  and 
then measur ing t h e  temperature of  t h e  c y c l o t r o n  mot ion.  I n  t h i s  way 
a x i a l  temperatures a r e  measured t o  be  h o t t e r  than t y p i c a l  c y c l o t r o n  
temperatures,  b u t  n o t  more than 200 t o  300 mK f o r  most o f  t h e  c louds .  A 
t y p i c a l  average temperature o f  200 mK g i v e s  a second-order Dopp ler  s h i f t  
o f  3 p a r t s  i n  1015. 

I n  a frame o f  r e f e r e n c e  r o t a t i n g  w i t h  t h e  c loud ,  t h e  i o n  c l o u d  behaves 
l i k e  a one-component plasma; t h a t  is, the p o s i t i v e  charged i o n s  behave as 
i f  they  were moving i n  a u n i f o r m  d e n s i t y  background o f  n e g a t i v e  charge 
[ZO]. The p r o p e r t i e s  o f  such a plasma a r e  determined by t h e  c o u p l i n g  
cons tan t  r .  r equa ls  t h e  p o t e n t i a l  energy o f  nea res t  ne ighbors  d i v i d e d  
by t h e  thermal energy o f  t he  ions .  For r’s approaching 1, t h e  plasma i s  
c a l l e d  s t r o n g l y  coupled. T h e o r e t i c a l  c a l c u l a t i o n s  p r e d i c t  t h a t  f o r  r>2 ,  
t h e  plasma shou ld  have c h a r a c t e r i s t i c s  assoc ia ted  w i t h  those  of  a l i q u i d ,  
and a t  r a155, a l i q u i d - s o l i d  phase t r a n s i t i o n  shou ld  t a k e  p l a c e  [21]. 
We have measured r’s on t h e  o r d e r  o f  3 o r  4 f o r  many c louds  and as h i g h  
as 10-15 f o r  a few c louds .  It may e v e n t u a l l y  be p o s s i b l e  t o  o b t a i n  T’s 
where an o r d e r i n g  o f  t h e  c l o u d  i n t o  a l a t t i c e  s t r u c t u r e  may take  p l a c e  
[221. 

4. Hyper f i ne  S t r u c t u r e  Measurements 
By measur ing t h e  f requency  d i f f e r e n c e  between depopu la t i on  t r a n s i t i o n s  
when t h e  probe l a s e r  i s  tuned t o  d i f f e r e n t  2p2P s ta tes ,  a d e t e r m i n a t i o n  
o f  t h e  2pzP h y p e r f i n e  s t r u c t u r e  and t h e  2p2P f i n e  s t r u c t u r e  s e p a r a t i o n  
i s  made [23 j .  A va lue  i s  determined t o  be  -114.4(6.0) MHz. 
T h i s  i s  t h e  f i r s t  e x p e r i h e n t a l  measurement o f  t h e  2p2P A va lue  and i t  i s  
i n  agreement w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n  o f  -116!8(2.4) MHz [24]. 
The ze ro  f i e l d  Zp2Pt - 2p2P f i n e  s t r u c t u r e  i n t e r v a l  is, de termined t o  
be 197.151(75) GHz. I n  add’%on, t h e  zero  f i e l d  2p2P + 2 s z S  and 
2p*P + 2s2S o p t i c a l  t r a n s i t i o n s  a r e  de termined t o  be %‘935.3198(45) 
cm-l’and 31  428.7435(40) cm-’ r e s p e c t i v e l y .  

The ground s t a t e  h y p e r f i n e  s t r u c t u r e  i s  determined by  measur ing t h e  
(-3/2,1/2) + (-1/2,1/2) and (3/2,-1/21 + (1/2,-1/2) ground s t a t e  
t r a n s i t i o n  f requenc ies  a t  magnet ic f i e l d  independent p o i n t s  [ll] (see  
F ig .  1). Microwaves a r e  used t o  t r a n s f e r  p o p u l a t i o n  f r o m  t h e  o p t i c a l l y  
pumped ground s t a t e  t o  one o f  t h e  s t a t e s  o f  a f i e l d  independent 
t r a n s i t i o n .  The t r a n s i t i o n  i s  de tec ted  by  a decrease i n  t h e  f l uo rescence  
l i g h t  i n t e n s i t y  when t h e  f ie ld - independent  t r a n s i t i o n  i s  probed. F i g u r e  
2 shows t h e  s i g n a l  ob ta ined  f o r  t h e  (-3/2.  1 /2 )  + (-1/2,1/2) t r a n s i t i o n .  
The o s c i l l a t o r y  l i neshape  r e s u l t s  f rom t h e  use  o f  t h e  Ramsey i n t e r f e r e n c e  
method, wh ich  i s  implemented by d r i v i n g  t h e  t r a n s i t i o n  w i t h  two coherent  
rf pu lses  o f  0.5 s d u r a t i o n  separa ted  by 19 s. 
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ic ffeld. Two field-indeqendent transitions 
at 0.68 and 0.82 T are shown 

(M. in) 

(312 -1m 
na -lm 

(-in -im 
(-3R. -in) 

oscillator locked to this transition is measured [25] to be comparable to 
the performance of a commercial Cs standard. In addition, the (-3/2,1/2) 
+ (-1/2,+1/2) field independent transition frequency is determined to 
4 ~ 1 0 ’ ’ ~  accuracy. Work on the (3/2,-1/2)+(1/2,-1/2) field-independent 
transition i s  not completed, but preliminary measurements have determined 
its frequency to 4x10 -12 accuracy. From these two measurements, 
preliminary ground-state values of A= -625 008 837.048(4) Hz ! 6 ~ 1 0 - ’ ~ )  
and gI/gJ= 2.134 779 853(1)x10 ( 5 ~ 1 0 - l ~ )  are obtained. 

Fiaure 2. Signal obtained on the (-3/2,1/2)+(-1/2,1/2) field- 
inoependent transition. The sweep width is 100 mHz and the frequency 
interval between points is 5 mHz. The dots are experimental and are 
the average of ten sweeps; the curve i s  a least-squares fit 
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